Introduction
============

Pelvic inflammatory diseases (PID) are infections of the female reproductive organs that are one of the most serious complications experienced by women with sexually transmitted diseases. In veterinary animals, PID is the most frequent uterine disease following any abnormal parturition in cows and mares, such as an abortion, retained placenta, twin births, dystocia, and traumatic lacerations of the genital canal. Histologically, tissues afflicted by PID show severe infiltration of neutrophils accompanied by macrophages which proceeds accumulation of pus in the uterine lumen \[[@B7][@B15]\]. However, the normal nonpregnant uterus is endowed with a high degree of resistance to infection, which prevents bacterial growth and bacterial persistence for extended periods \[[@B16]\]. Uterine resistance varies during the estrous cycle and the susceptibility is greater during the luteal phase of the cycle. Some known factors make the uterus susceptible to infection but little is known about the mechanism of its resistance. Female genital canal infections are an important cause of infertility, pre-term labor and chronic pelvic pain in women \[[@B18]\] and a further cause of economic loss in the livestock industry, including reduced fertility, subsequent milk withdrawal and mortality \[[@B11][@B17]\].

To find more efficient treatment options for PID, it is necessary to develop a further understanding of its pathogenesis and the self-limiting nature of the uterus toward ascending infection through experimental disease models. Disease models have been established in mice via direct live bacterial intrauterine (i.u.) infusion under laparotomy incision \[[@B1][@B3][@B4][@B9][@B18]\] or in vitro using lipopolysaccharide (LPS), the most potent antigenic molecule of gram negative bacteria \[[@B12]\]. Disease models also reported that a single treatment of LPS induced inflammation of the genital tract of laboratory animals in several studies \[[@B5][@B7]\]. However, establishment of the PID model using live bacterial infusion such as *Clostridium sordellii* caused systemic sepsis in experimental animals, and the use of pathogenic live bacteria can potentially endanger researchers\' health. LPS treatment also caused sepsis, leading to death, or could not induce the disease, depending on dosage or treatment route (unpublished preliminary data).

There have been efforts to develop effective animal models for studying inflammatory responses in a female reproductive organ. However, PID animal models that employ *in situ* pathogenic bacteria infusion via surgical intervention pose a risk to the animal and the researcher \[[@B18]\], or require powerful immunogenic bacterial components, such as LPS injection via intraperitoneal (i.p.) or intracervical (i.c.) routes. LPS i.p. administration into animals can cause systemic symptoms \[[@B19]\], dose dependent sepsis \[[@B6][@B13]\], and in some cases lead to death with inflammatory pain \[[@B2]\].

Thus, because hydrochloric acid (HCl) induced inflammation of macrophages and epithelial cells *in vivo* \[[@B10]\] and increased mucosal permeability *in vitro* \[[@B14]\], this study was conducted to develop the PID animal model in nonpregnant mice without i.u. infection by live pathogenic bacteria instead using HCl-LPS co-administration. The inflammatory reaction was assessed by determining proinflammatory cytokines in uterine tissue via western blot analysis and evaluating the histopathological findings.

Materials and Methods
=====================

Materials
---------

LPS (*Salmonella enterica* serotype enteritidis), pregnant mare serum gonadotropin (PMSG), and a cocktail of proteinase inhibitors and antibody for β-actin were purchased from Sigma-Aldrich (USA). Hydrochloric acid was purchased from Yakuri Pure Chemicals (Japan). Dulbecco\'s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from HyClone (USA) and penicillin-streptomycin was obtained from WELGENE (Korea). Antibodies for interleukin (IL)-1β and IL-6 were purchased from R&D Systems (USA) and tumor necrosis factor (TNF)-α was obtained from Cell Signaling Technology (USA).

Animals
-------

Female C57BL/6J mice (8--10 weeks) weighing 20 to 22 g were obtained from Nara Biotech (Korea), maintained under a 12:12-h, light-dark cycle in a temperature and humidity controlled room (24 ± 5℃; 50 ± 10%) and fed on standard laboratory diet and water *ad libitum*.

Experimental design
-------------------

To induce PID, groups were divided into five single treatments, two combined treatments, one negative control group and one positive control group. The single treatment groups were administered with 100 µL of LPS alone (25 mg/kg or 50 mg/kg), once intraperitoneally (LPS25ip, LPS50ip) or four times intracervically (LPS25ic, LPS50ic) or one time of HCl alone (25 mg/kg, 1 N) i.c. In the combined treatment groups, animals received one dose i.c. of HCl (25 mg/kg, 1 N), followed by four administrations of LPS (25 mg/kg or 50 mg/kg; HCl-LPS25, HCl-LPS50) every 2 h. Animals from groups treated via the i.c. route received 100 µL of PMSG (7.5 IU per mouse) two days before the experiment to induce proceptivity. Control mice received saline. For histopathological analysis, uterine tissue from the two uterine horns and the vagina were collected every 2 h until 10 h post initial inoculation. Mice were sacrificed using a CO~2~ gas chamber filled with 2 liters/min for 3 to 5 min and then submitted to cervical dislocation. All experimental procedures were performed in accordance with the guidelines established by the Kangwon National University Institutional Animal Care and Use Committee (KW-141231-2).

Clinical evaluation
-------------------

Mice were monitored every 2 h until 10 h post initial inoculation for clinical sign assessment according to the criteria shown in [Table 1](#T1){ref-type="table"}. Observers were blinded to treatment status.

Preparation of positive control
-------------------------------

RAW 264.7 cells were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/mL streptomycin at 37℃ with 5% CO~2~. The cells (5 × 10^5^ cells/mL) were cultured in the presence of LPS for 2 h in 12-well plates. Protein extracts were used as a positive control.

Western blot analysis
---------------------

After mice were euthanized, the uterine tissues were frozen in liquid nitrogen immediately after removal and stored at --70℃ until use. A 5 mg piece of tissue was immediately added to a tube containing 300 µL of lysis buffer, homogenized with an electric homogenizer on ice and rinsed twice with another 2 × 300 µL lysis buffer. Sample was then maintained at constant agitation for 2 h at 4℃. After agitation, the sample tube was centrifuged for 20 min at 16,000 × g at 4℃ and kept on ice. The supernatant was transferred to a new tube that was also maintained on ice. Protein contents in the supernatant of the lysed tissue were determined using a Quick Start Bradford protein assay kit (Bio-Rad Laboratories, USA) according to the manufacturer\'s instructions. The pellet was discarded.

Samples were separated on 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. After blocking with 5% skim milk in TBST (0.1%) for 3 h at room temperature, the membranes were incubated with a primary antibody (β-actin, 1:5,000; IL-1β, 1:500; IL-6, 1:500; TNF-α, 1:500), then incubated with the conjugated secondary antibodies. Protein bands were detected using an ECL detection kit (Lumigen ECL Plus Western Blotting HRP Substrate; Lumigen, USA). The protein signals were quantified by scanning densitometry using a C-DiGit Blot Scanner 3600 (ver. 3.1.4; LI-COR, USA).

Cytokine determination
----------------------

For cytokine determination in uterine mucosa, protein extracts were isolated by homogenization of uterine tissue segments (50 mg tissue/mL) in 50 mmol/L Tris-HCl at pH 7.4 with 0.5 mmol/L dithiothreitol and 10 g/mL of a cocktail of proteinase inhibitors. Samples were centrifuged at 30,000 × g for 20 minutes, then stored at --70℃ until cytokine determination. Cytokine levels in the protein extracts from uterine tissues were determined by specific sandwich enzyme-linked immunosorbent assays (ELISA) using capture/biotinylated detection antibodies for IL-1β, IL-6 and TNF-α from R&D Systems according to the manufacturer\'s recommendations.

Histopathological evaluation
----------------------------

At the end of the experiment, all mice were euthanized and the uteruses were excised. A part of each uterus was fixed in 10% (w/v) neutral buffered formalin for 24 to 48 h, processed routinely and embedded in paraffin wax. Three sections (4 µm) were cut from each of the three blocks of tissue samples and stained with hematoxylin and eosin (H&E) for light microscopic examination. For morphometric analysis, six microscopic fields of each section were randomly selected. The histopathological score was determined \"blindly\" according to criteria shown in [Table 2](#T2){ref-type="table"} and the number of neutrophils per unit area (0.25 mm^2^) was determined. To obtain quantitative data, the lesions were analyzed using Image J 1.43m Program (National Institute of Health, USA).

Statistical analysis
--------------------

Summary statistics were calculated for all of the groups to assess the overall quality of the data including normality. Continuous data (cytokine levels) were analyzed by one-way analysis of variance (ANOVA). If the results of one-way ANOVA were significant, pairwise testing using Tukey\'s adjustment was performed. Discrete data (clinical evaluation and histopathological score) were analyzed by a Chi-squared and/or Fisher\'s exact test. Pearson\'s correlation test was used to analyze the relationship between the number of infiltrated neutrophils in the uterus and other test parameters, including the pro-inflammatory cytokine expression, clinical sign scores and histopathological scores. A value of *p* \< 0.05 was considered significant.

Results
=======

Clinical evaluation
-------------------

The most commonly observed clinical signs were a hunched posture with ruffled hair and closed eyes. Clinical signs were observed in the LPS25ip and LPS50ip group as early as 2 hpi, peaked at 6 hpi and decreased between 8 and 10 hpi. HCl-LPS50 and HCl-LPS25 groups started to show clinical signs at 6 hpi HCl and LPS inoculation, and were quickly in remission between 8 and 10 hpi. LPS25ic, LPS50ic and HCl25 groups did not exhibit severe clinical signs. The mean scores of clinical signs were significantly higher in LPS50ip and LPS25ip groups (*p* \< 0.001) than other groups. The mean scores of clinical signs in LPS50ic, LPS25ic and HCl25 groups were not significantly different between the groups ([Fig. 1](#F1){ref-type="fig"}).

Inflammatory cytokine expression on uterine tissue
--------------------------------------------------

To investigate the inflammatory cytokine expression levels, IL-1β, IL-6, and TNF-α were evaluated in inflammation induced uterine tissues. Western blot analysis revealed that no cytokines were present in the uterine tissues from any of the single agent treated groups with various administration schemes, including LPS25ip, LPS50ip, LPS25ic, LPS50ic, and HCl25 and one combined treatment group, HCl-LPS25 (data not shown). Additionally, all tested cytokines were detected only in the HCl-LPS50 combined treatment group ([Fig. 2](#F2){ref-type="fig"}).

Quantification of inflammatory cytokines in uterine tissue
----------------------------------------------------------

HCl-LPS combined treatment induced significantly higher levels of IL-1β, IL-6 and TNF-α in uteruses (*p* \< 0.001). In other groups, IL-1β and IL-6 levels were detected in trace amounts, but no significant differences were observed, rather, the TNF-α level was significantly upregulated in LPS25ip, LPS50ip, LPS25ic, and LPS50ic treated groups (*p* \< 0.05; [Fig. 3](#F3){ref-type="fig"}).

Histopathological findings
--------------------------

Uterine lesions in HCl-LPS50 (panel B in [Fig. 4](#F4){ref-type="fig"}) and HCl-LPS25 (less intense; data not shown) were characterized by neutrophils infiltration, epithelial cell necrosis and degeneration, congestion and hemorrhage. In the other groups (LPS25ip, LPS50ip and HCl25), slight histopathological findings including congestion related edema and negligible infiltration of neutrophils were observed.

The scores of uterine lesions and numbers of infiltrated neutrophils were significantly higher in the combined treated HCl-LPS50 and HCl-LPS25 groups (*p* \< 0.001) than other groups, followed by single treated LPS50ic and LPS25ic groups (*p* \< 0.05) and then the remaining groups ([Figs. 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). The number of infiltrated neutrophils was correlated with pro-inflammatory cytokine expression in uterine tissue (TNF-α, *r* = 0.853, *p* \< 0.001; IL-1β, *r* = 0.798, *p* \< 0.001; IL-6, *r* = 0.785, *p* \< 0.001) and histopathological scores (*r* = 0.669, *p* \< 0.001), but not correlated with clinical sign scores (*r* = 0.293, *p* = 0.069).

Discussion
==========

We conducted this study to establish a PID animal model for pelvic inflammatory diseases (PIDs) to further contribute to PID treatment options. PIDs have serious complications for genital health in both humans and animals, especially in domestic animals. Indeed, these diseases are directly connected to economic losses because of resultant infertility, increased culling for failure to conceive, reduced production, and increased costs for drug treatments \[[@B5][@B11][@B18]\].

However, LPS is widely used to stimulate inflammation *in vivo* and *in vitro* in various tissues and organs, and because it can activate monocytes in blood and histiocytes in tissue to secrete the pro-inflammatory cytokines, IL-1β, IL-6, IL-8, and TNF-α \[[@B20]\], which are involved in the inflammatory cascade and increase body temperature, pain, and the production of other inflammatory proteins \[[@B13]\].

In a preliminary study to determine whether PID was installed via i.p. or i.c. LPS alone, we investigated the cytokine expression levels in uterine tissue through western blot from 12 to 48 hpi; however, we could not find any trace of cytokines from those groups (data not shown). Rather, we observed acute inflammatory responses such as fever, shivering, and lethargy accompanying general vital impairments as previously described. The dose of LPS 50 mg/kg (LPS50ip) administered i.p. was an even higher dose than that used to cause septic death in Balb/c mice at 24 hpi \[[@B2]\]. Deb et al. \[[@B7]\] observed increased IL-1β causing disturbance of the intrauterine implantation and macrophage infiltration into the uterus with a single dose of 5 µg per animal on day 0.5 of pregnancy. However, the study was performed in a pregnant uterus, which are more susceptible to infection than nonpregnant uteruses. These findings indicate that single treatment with LPS causes uterus inflammation, although only when administered in high dose.

To avoid LPS related systemic effects and only induce pelvic inflammation, intra-uterine infusions of *Clostridium sordellii* \[[@B3]\], *Escherichia coli* \[[@B18]\], and LPS \[[@B5]\] were attempted by either laparotomy incision \[[@B3][@B18]\] or i.c. injection \[[@B5]\]. Pathogenic bacterial infection caused mortalities if the dose was not cautiously adjusted; however, single administration of LPS i.c. successfully presented leukocyte infiltration into the uterus without any systemic reaction.

As uterine epithelial cells provide a physical barrier and defend underlying tissues from invading pathogens \[[@B8]\], we first used HCl to induce injury \[[@B14][@B20]\], after which LPS was administered i.c. The animals modeled by this method presented strongly pro-inflammatory cytokine expressions, such as IL-1β, IL-6, and TNF-α, via either western blot analysis or ELISA in their uterine tissue with reduced systemic inflammatory symptoms compared with animals treated with LPS administered alone i.p. or i.c. Interestingly, neutrophil infiltration into the uterus had a high correlation with pro-inflammatory cytokine expressions and histopathological scores, but not with clinical signs.

It has been suggested that LPS could act more directly on the endometrium, including epithelial and stromal cells of the uterus and resident macrophages, to produce high levels of cell-alarming cytokines as the physical defense mechanism was disrupted by HCl. Moreover, histopathological evaluation revealed severe immune cell infiltration, degeneration of uterine glands, and epithelial hyperplasia, indicating that the PID model developed in this study was consistent with that of other PID models \[[@B1][@B5][@B18]\].

In conclusion, we demonstrate here for the first time that initial i.c. treatment of HCl followed by four LPS applications could establish a PID animal model without surgical intervention, acute systemic reaction, or posing safety risks to the researcher. Furthermore, the combined use of HCl and LPS could be a useful model for understanding the mechanisms by which innate physical barriers should be impaired before LPS binds to TLR4 receptor in resident immune and endometrial, epithelial and stromal cells to stimulate the synthesis and production of proinflammatory cytokines.
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![Mean value of clinical sign scoring. ^\*\*\*^Significantly more serious clinical signs in lipopolysaccharide (LPS) intraperitoneal administered animals compared with LPS or hydrochloric acid (HCl)-LPS intracervical (i.c.) administered animals (*p* \< 0.001).](jvs-17-413-g001){#F1}

![Changes in cytokine expression in uterine tissue after co-administration of HCl and LPS. (A) Mice were administered i.c. with HCl (25 mg/kg) followed by four applications of LPS (25 mg/kg or 50 mg/kg) every 2 h. Two hours after the final injection, the uterus was removed and protein expression was assessed by Western blot. (B) Mice were administered i.c. with HCl (25 mg/kg, 1 N) followed by four applications of LPS (50 mg/kg) every 2 h.](jvs-17-413-g002){#F2}

![Bar graphs for inflammatory cytokines measured by enzyme-linked immunosorbent assay in the uterine tissues of different experimental groups and a normal control. ^\*^Significantly higher inflammatory cytokine levels than the HCl25 and Neg CTL groups (*p* \< 0.05). ^\*\*\*^Significantly higher inflammatory cytokine levels in the uteruses of HCl-LPS combined with i.c. administered animals (*p* \< 0.001).](jvs-17-413-g003){#F3}

![The representative histopathological findings of the uterus with saline only (A) and co-administration of HCl and LPS (B). (B) Mice were administered i.c. with HCl (25 mg/kg. 1 N) followed by four applications of LPS (50 mg/kg) every 2 h. Note the neutrophils in the lumen, in the endometrium and in the surface epithelial layer (arrows). No inflammation was observed in (A). L, lumen. H&E stain. 200×.](jvs-17-413-g004){#F4}

![Bar graphs for histopathological scoring in different experimental groups. ^\*^Significantly higher histopathological scores in LPS25ic and LPS50ic groups than in LPS25ip, LPS50ip, HCl25, and Neg CTL groups (*p* \< 0.05). ^\*\*\*^Significantly higher histopathological scores in HCl-LPS25 and HCl-LPS 50 groups than with other groups (*p* \< 0.001).](jvs-17-413-g005){#F5}

![Bar graphs for the number of infiltrated neutrophils per unit area (0.25 mm^2^) in uterine tissue of different experimental groups. ^\*^Significantly increased number of neutrophils in LPS25 and LPS50 groups than in LPS25ip, LPS50ip, and Negative control groups (*p* \< 0.05). ^\*\*\*^Significantly increased number of neutrophils in HCl-LPS25 and HCl-LPS 50 groups compared with other groups (*p* \< 0.001).](jvs-17-413-g006){#F6}
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